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Experimental investigation of F and Cl partitioning between apatite and Fe-rich basaltic
melt at 0 GPa and 950-1050 °C: Evidence for steric controls on apatite-melt exchange

equilibria in OH-poor apatite
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'NASA Johnson Space Center, mailcode XI2, 2101 NASA Parkway, Houston, TX 77058

*Department of Geology and Geological Engineering, South Dakota School of Mines and Technology, Rapid City,
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Abstract

Apatite-melt partitioning experiments were conducted in a Deltech vertical-quench 1-bar furnace
at 0 GPa and 950-1050 °C using an Fe-rich basaltic starting composition. Each experiment had a
unique F:Cl ratio to assess the partitioning of F and CI between apatite and melt, and the oxygen
fugacity of all experiments were between IW and IW-1. Apatite-melt partitioning of F and CI
along the F-Cl binary join is investigated in particular to assess the effect of non-ideal mixing of
apatite X-site components. The quenched melt and apatite from each experiment were analyzed
by electron probe microanalysis. Several of our experiments exhibited evidence of silicate liquid
immiscibility (SLI), so we also evaluated the effect of SLI on the partitioning of F and Cl

between apatite and melt in those experiments. The F-Cl exchange equilibria between apatite and

melt were variable with

K; Z;_Melt values in the range of 0.08-0.21 across the F-Cl join. The

KAp—Melt

derp values decreased with decreasing F in apatite and melt. Notably, we did not observe

evidence that SLI has a first-order effect on the behavior of F and Cl partitioning between apatite
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Ap—Melt
K P

and melt. The observed drop in K

values with decreasing F abundance in melt and

apatite indicate that F becomes more compatible in apatite than CI as there is less F in the system
under nominally anhydrous conditions. This behavior can be explained by the presence of an off-
mirror F site in F-Cl apatite that only F can occupy, and this F site is required to stabilize the
apatite structure in OH-poor systems. These results demonstrate a link between atomic
arrangements of apatite X-site components, the thermodynamic mixing properties of apatite X-
site components, and the values of apatite-melt exchange equilibria for apatite X-site
components. These results also indicate that Cl-rich apatites (i.e., Cl > 0.1 structural formula
units (sfu) of apatite X-site) with compositions near the F-Cl binary join (i.e., <0.12 sfu from the
F-Cl binary join), even if formed from H,O-bearing natural systems, should not be used for

apatite-based melt-hygrometry.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6339

Introduction

Apatite [Cas(PO4)3(F,C1LOH)] is present in a wide range of rock types on the Earth
(Harlov 2015; Harrison and Watson 1984; Patifio Douce et al. 2011; Piccoli and Candela 2002;
Shemesh 1990), and it is also the primary mineralogical host of P in the silicate portion of the
planet (Hughes and Rakovan 2002). Along with the nominally volatile-free phosphate mineral
merrillite [Ca;sNa;Mgy(PO4)14], apatite constitutes one of the primary hosts of P in
extraterrestrial rocks (McCubbin and Jones 2015). The ubiquity of apatite in planetary materials,
coupled with the presence of volatiles (i.e., F, Cl, and OH) in its crystal structure (X-site), has
motivated numerous studies to estimate the H,O abundances of magmas and magmatic source
regions in a variety of planetary systems from apatite (Boyce et al. 2010; Filiberto et al. 2016;
Gross et al. 2013; McCubbin et al. 2010a, 2012, 2015a, 2016; Patino Douce and Roden 2006;
Patifio Douce et al. 2011; Piccoli and Candela 1994; Tarteése et al. 2013; 2014), a practice
referred to as apatite-based melt hygrometry (e.g., Boyce et al. 2014; McCubbin et al. 2015b).
However, in order to use the volatile contents of apatite to accurately determine the abundances
of volatiles in coexisting silicate melt or fluids, thermodynamic models for the apatite solid
solution and for the apatite components in multi-component silicate melts and fluids are required.
Although some thermodynamic models for apatite-bearing systems have been developed (i.e.,
Candela 1986; Hovis and Harlov 2010; Hovis et al. 2014a, 2014b; Li and Hermann 2017; Tacker
and Stormer 1989, 1993; Zhu and Sverjensky 1991), they are incomplete and cannot be broadly
applied to the full range of geologic conditions under which apatite has formed. Consequently,

studies conducting apatite-based melt hygrometry have relied heavily on the results of individual
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experimental studies into apatite-melt and/or apatite-fluid partitioning behavior of F, Cl, and OH,
which have limited applicability to natural systems.

Numerous modeling and experimental studies have reported apatite-melt or apatite-fluid
partitioning relationships for F, Cl, and OH (i.e., Boyce et al. 2014; Brenan 1993; Doherty et al.
2014; Korzhinskiy 1981; Li and Hermann 2015, 2017; Mathez and Webster 2005; McCubbin et
al. 2015b; Riker et al. 2018; Webster and Piccoli 2015; Webster et al. 2009, 2017; Zhu and
Sverjensky 1991). Although these studies have noted that fluoride is preferred in apatite over
chloride, and chloride is preferred in apatite over hydroxyl, this systematic behavior in anion
preference in apatite does not translate to constant apatite-melt or apatite-fluid partition
coefficients for F, Cl, and OH because the combined abundances of F, Cl, and OH in apatite are
fixed by stoichiometry, and the combined abundances of F, Cl, and OH in melt or fluid at apatite
saturation are far less constrained (Boyce et al. 2014; McCubbin et al. 2015b). Consequently, a
subset of recent studies on apatite-melt partitioning of F, Cl, and OH have described the
partitioning of volatiles between apatite and melt as exchange equilibria involving each of the
three anion pairs in apatite (i.e., F-Cl, F-OH, CI-OH; Boyce et al. 2014; Li and Hermann 2015,
2017; McCubbin et al. 2015b; Riker et al. 2018; Webster et al. 2017), similar to the treatment of
Fe-Mg partitioning between olivine and silicate melt (Filiberto and Dasgupta 2011; Roeder and
Emslie 1970; Toplis 2005). This formalism normalizes the effects of large variations in melt F,
Cl, and OH abundances on apatite-melt partition coefficients, which allows for a clearer
evaluation of the partitioning behavior. Although the F-Cl, CI-OH, and F-OH apatite-melt
exchange coefficients exhibit substantially less variability than individual apatite-melt partition
coefficients (Li and Hermann 2015, 2017; McCubbin et al. 2015b; Webster et al. 2017), non-

Nernstian partitioning behavior is observed in some experiments and has been hypothesized to
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result from non-ideal mixing of F, Cl, and OH in apatite (Li and Hermann 2017; McCubbin et al.
2015Db).

In the present study, we seek to gain a better understanding of apatite-melt partitioning
relationships in portions of apatite compositional space where X-site components undergo non-
ideal mixing. To accomplish this goal, we conducted apatite-melt partitioning experiments in
vacuum-evacuated, sealed silica-glass tubes at ~ 0 GPa and 950—-1050 °C on a synthetic martian
basalt composition equivalent to the basaltic shergottite Queen Alexandria Range (QUE) 94201,
which is the same starting composition used by McCubbin et al. (2015b). These experiments
were conducted dry and at low pressure to assess the effects of temperature and apatite
composition on the partitioning behavior of F and Cl between apatite and basaltic melt along the
F-Cl apatite binary join. We focus on this join in particular for two reasons: 1) solution
calorimetry data of apatite along the F-Cl join exhibit excess enthalpies of mixing as high as 8.3
kJ/mol (Hovis and Harlov 2010), and 2) apatites with compositions along or near the F-Cl join
occur in numerous samples from Earth and beyond (Hovis and Harlov 2010; McCubbin and
Jones 2015), so this study will have direct relevance to the interpretation of apatite compositions
in those samples.

Experimental and Analytical Methods
Starting materials

One of the primary goals of the present study is to assess apatite-melt partitioning as a
function of apatite X-site occupancy. This goal requires that the starting materials have flexibility
in their F:Cl ratio. An additional goal of the present study is to compare our results directly with
those of our previous work on apatite-melt partitioning (McCubbin et al. 2015b). To accomplish

both of these goals, two powdered mixtures that were used in McCubbin et al. (2015b) were also
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used for the present study. One mixture represents an F endmember and the other a Cl
endmember, with approximately 1 wt.% of F or CI, respectively (Table 1). Both starting
materials had a single base composition modeled after the Fe-rich basaltic shergottite QUE
94201 (from Kring et al. 2003) with approximately 5 wt.% additional P,Os component to induce
early phosphate saturation. The mixtures were generated by accurately weighing silicates,
oxides, Ca,P,07, CaF,, and MgCl, powders in the proportions needed for obtaining the desired
starting compositions. Carbonate starting materials were avoided to prevent unwanted CO-
species in the system. The reader is referred to McCubbin et al. (2015b) for additional details
concerning the preparation of both starting materials.
Deltech vertical-quench 1-bar furnace experiments

Experiments were conducted in the experimental petrology lab at Lamont-Doherty Earth
Observatory of Columbia University. All of the experiments were conducted in Deltech vertical-
quench gas-mixing furnaces, although we did not use the gas-mixing function of the furnaces in
the present study. For each of our experiments, ~7.5 milligrams of starting material consisting of
various ratios of F- and CI- mixtures (F:Cl ratio of 90:10, 75:25, 50:50, 25:75, 10:90) were
loaded into high purity molybdenum metal capsules with tight-fit lids. The capsules were
approximately 1 mm wide and 3 mm long, and each capsule was cleaned ultrasonically in
acetone to remove any machining residue before use. During the capsule-loading process, the
powders were tapped down with a piston in order to pack the powder as densely as possible to
minimize pore space. Filled capsules were then weighed and placed into a silica glass tube from
Thomas Scientific that we had already sealed at one end. Glass spacers (12.5 mm and 25 mm in
length) were placed just above the capsule to minimize the extra volume inside the silica tube

and facilitate the process of making a capillary. After evacuating the partially sealed silica tube
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for 15 minutes to remove as much air as possible, the tube was heated using a H,—O, torch and
stretched to form a small capillary. The torch was used to sever and seal the capillary just above
the glass spacers, preserving a vacuum in the silica glass ampoule. The attached capillary was
then curved into a hook for eventual suspension in the furnace. The silica tube was suspended
across a thin Pt-wire through the hook at the top of the ampoule and placed at the hotspot of the
furnace. Temperature was controlled by PID feedback using a Pt;oRhso-PtosRhs (type B)
thermocouple in the furnace cavity. A PtogRho-Pt (type S) thermocouple calibrated against the
melting point of Au, Li metasilicate, and diopside was used to monitor the temperature of the
sample. The thermocouple was positioned such that its tip was directly adjacent to the capsule.
The capsule and thermocouple were gradually lowered into the pre-heated furnace (1150 °C) in
order to minimize thermal shock to the system. Horizontal temperature differences at the hot spot
were within 1°C of the set point. In the case of identical run temperatures for different starting
compositions, multiple charges were hung simultaneously at the corners of horizontal 10-15 mm
ceramic bars within the hot spot.

Each experimental charge was held at a melting temperature of 1150 °C for 30 minutes
before the temperature was lowered to the crystallization temperature of interest at either 950 °C,
1000 °C, or 1050 °C at a rate of 15 °C/min, where it dwelled for 8 hours. A dwell time of 8 hours
was selected in the present study to ensure that a steady-state was reached with respect to F-Cl
apatite-melt exchange coefficients. Our previous experiments on apatite-melt partitioning
indicate that a steady state is reached by approximately 2 hours of dwell time (McCubbin et al.
2015b). At the end of each experiment, the sample was drop-quenched into a beaker of cold
water by passing a current through the Pt-wire supporting the sample. Before each silica glass

tube was opened, they were checked to ensure a vacuum was maintained after quench. The silica
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tube was opened by lightly crushing the end of the silica tube after the quenched sample was
weighed. Samples were encased in epoxy without removing them from the capsule, and the
cured epoxy mounts were polished for analysis by electron probe microanalysis (EPMA). All
experiments, their run conditions, including starting compositions, capsule material, duration,
crystallization temperatures, and phases present, are listed in Table 2.

Although the oxygen fugacity (fo,) was not buffered in our experiments, the Mo’ capsule
materials should affect the fo,. At the end of each experiment, Mo® capsule material was in
contact with quenched glass, indicating the experiments were at or below the Mo-MoO, (MMO)
buffer, which is approximately equal to the IW buffer at 0 GPa and 950-1050 °C (O'Neill, 1986;
O'Neill and Pownceby 1993). The minimum oxygen fugacities for each experiment cannot be
directly determined. However, the experiments are all likely to be above AIW-1 given the
elevated abundances of FeO in the melt (17.15-26.86 wt.% FeO) and the absence of Fe metal,
both as a separate phase or as a measurable component in the Mo metal (as determined by energy
dispersive spectroscopy).

Electron probe microanalysis (EPMA)

Apatites and quenched glasses in the experimental run products were analyzed using
either a JEOL JXA 8200 electron microprobe in the Institute of Meteoritics at the University of
New Mexico or a JEOL 8530 field emission electron microprobe at NASA’s Johnson Space
Center. An accelerating voltage of 15 kV and a nominal beam current of 20 nA were used during
each analysis, following procedures previously established by our group for the analysis of
apatite and halogen-bearing glasses (i.e., McCubbin et al. 2010b, 2011, 2015b). At UNM, the
elements Si, Ti, Al, Cr, Mg, Fe, Mn, Ca, Na, P, F, and Cl were analyzed in the glasses and Si, Al,

Mg, Fe, Mn, Ca, Na, P, F, and Cl in apatite. At JSC the elements Si, Ti, Al, Cr, Mo, Mg, Fe, Mn,
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Ca, Na, P, F, and CI were analyzed in glasses and Si, Al, Mg, Fe, Mn, Ca, Na, P, F, and Cl in
apatite. Fluorine was analyzed using a light-element LDE]1 detector crystal, and Cl was analyzed
using a PET detector crystal. Calcium and P were standardized using the Wilberforce apatite.
Fluorine was standardized on SrF,, and Ap020 (McCubbin et al. 2012) was used as a secondary
check for F. Chlorine was standardized with sodalite from Sharp et al. (1989) or on Tugtupite
from SPI Supplies, and scapolite from the Smithsonian (NMNH R6600-1) was used as a
secondary standard (Jarosewich et al. 1980). Manganese was standardized using Taylor
spessartine garnet (Taylor standard block, information from Taylor multi element standard
documentation, by C.M. Taylor, C.M. Taylor Company) or rhodonite from SPI supplies.
Aluminum was standardized using Taylor pyrope or Sitkin anorthite. Iron was standardized with
ilmenite from the Smithsonian (NMNH 133868 and NMNH 96189). Magnesium was
standardized using the Taylor olivine and Springwater olivine (NMNH 2566). Sodium was
standardized using the Taylor albite and albite from SPI Supplies. Silicon was standardized on
Taylor quartz and diopside from SPI Supplies. Chromium was standardized on Taylor chromite
and chromite from the Smithsonian (NMNH 117075). Titanium was standardized using Taylor
rutile and rutile from SPI Supplies. In order to reduce or eliminate electron beam damage, we
used a 10 um defocused beam for standardization and 1 to 5 pum diameter beam for analysis of
apatite grains due to their small size. A 5 um defocused beam was used for analysis of quenched
glass in all samples. Our previous studies on apatite show that standardization at 10 pm is
applicable to analyses of apatite with 1 um beam diameter (McCubbin et al. 2016).

Stormer et al. (1993) documented that F and Cl X-ray count rates change with time
during EPMA of apatite as a function of crystallographic orientation. Goldoff et al. (2012)

presented a method to minimize changes in count rate for F and CI. However, the apatites
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analyzed in the present study were too small (1-10 pm in the shortest dimension) to apply this
technique. Accordingly, we monitored apatite analyses for time-dependent count rates using
Probe for EPMA (PFE) software following the procedures of McCubbin et al. (2010b). Fluorine
count rates were not always constant during the course of an analysis. Chlorine count rates, on
the other hand, were constant for all of our analyses, consistent with the findings of McCubbin et
al. (2010b, 2013). For the analyses that exhibited variable F X-ray count variation we used a
time-dependent intensity (TDI) correction in the PFE software using the methods described in
McCubbin et al. (2010b). Any analyses that displayed highly variable F X-ray count rates (e.g.,
Figure 2f in McCubbin et al. 2010b) or non-linear and negative changes in F X-ray count rates
during the course of an analysis (e.g., Figure 2d in McCubbin et al. 2010b) were rejected. Even
with this criterion, some of the apatites contained more than their stoichiometric amount of F +
CL In these cases, we were able to obtain only a minimum CL:F ratio by assuming 1 — X¢; = X,
after McCubbin et al. (2011). This adjustment in the measured F:Cl ratio is only applicable
because we did not observe variability in the Cl X-ray count rates during any of the apatite
analyses in the present study.

The quality of each apatite analysis was assessed based on EPMA totals, stoichiometric
constraints, and abundances of SiO; and Al,Os in apatite. If analytical totals were outside of the
range 97.0-102.0 wt.%, the analysis was discarded. The leniency on analytical total deficiency is
due to the possibility of vacancies or O” substitution in the X-site of F-Cl apatite, which cannot
be accurately quantified by the EPMA technique. If the stoichiometry of the P or Ca sites
deviated by more than £2% (i.e., 0.06 structural formula units (sfu) or 0.10 sfu on a 13 anion
basis for the P- and Ca-sites, respectively), the analysis was discarded. Finally, if SiO; or Al,O;

abundances were greater than 2 wt.% or 0.5 wt.%, respectively, the analysis was discarded
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because it signifies substantial overlap with surrounding quenched glass. However, in some cases
we conducted a glass subtraction routine to deconvolve an apatite composition using the
techniques outlined in McCubbin et al. (2009, 2013). Nonetheless, glass-subtracted apatite
compositions were not used in any sample averages (i.e., Table S1), and the glass-subtracted
apatite data were only used where explicitly identified.

We computed a missing component in the X-site of apatite on the basis of stoichiometry
if the sum of F and Cl was less than 1 sfu. If both F and CI are analyzed with sufficient accuracy,
this missing component can be attributed to some combination of the anions OH’, Oz', CO32', Sz',
Br, and I' and/or structural vacancies (Pan and Fleet 2002) and/or structural H;O (Mason et al.
2009). However, we included only Cl and F constituents in our experiments, and we anticipate
low amounts of OH contamination based on the low solubility of H-species in silicate melts at
low pressure (Burnham 1994; Newcombe et al. 2017). Consequently, we anticipate minimal OH
in our magmatic apatite crystallized at 0 GPa. Furthermore, Cl-rich apatites along the F-Cl join
commonly exhibit a missing component that can be attributed to O*” and/or structural vacancies
(Hovis and Harlov 2010; Jones et al. 2014, 2016; Schettler et al. 2011), so we depict this missing
component as Xmer rather than presume it is OH'. Importantly, our analytical routine for
measuring F and Cl by EPMA is imperfect, and a missing component is not considered to be
detected unless it exceeds 0.08 sfu (McCubbin et al. 2010b).

Results

Each experiment resulted in some combination of pyroxene, silica, ilmenite, apatite,
plagioclase, hercynitic spinel, and melt. Additionally, five of the experimental run products
(Q1b.002, Q1b.003, Q1b.006, Q1b.009, and Q1b.012) have either two distinct melt phases or

large variations in melt composition, indicating they either underwent silicate liquid
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immiscibility (SLI) or incomplete homogenization during crystallization (Figure 1b, d). The
assemblage present in each experimental run product is listed in Table 2.

The primary focus of our study is apatite-melt partitioning of F and Cl, so we focus on
the textures and compositions of the apatite and melt phases in each experiment. The apatites are
distributed throughout the experimental run products and occur as small, highly acicular,
prismatic crystals that ranged in width (short dimension) from about 1 to 10 pm with aspect
ratios of about 1:10 to 1:50 (Figure 1). The largest apatites that grew from the silicate melt were
approximately 10 pm in the shortest dimension and approximately 100-150 pm in the longest
dimension (Figure 1). The average apatite and melt compositions from each experiment are
provided in Table S1. In addition, we report the melt compositions from each of the experiments
that exhibited large ranges in melt composition in Tables S2—-S6, along with any corresponding
apatite-melt pairs in Tables S7-S10 to assess local apatite-melt partitioning of F and Cl in the
experiments with large variations in melt composition. All of the apatite analyses from the
present study are included in Table S11, along with the computed apatite stoichiometry on the
basis of 13 anions. Finally, all of the melt analyses from the present study are included in Table
S12.

Composition of apatite from experiments

The average compositions of apatite from each experiment, as determined by EPMA, are
provided in Table S1, and a compilation of all apatite analyses from the present study are
provided in Tables S11. Apatite compositions from each experiment exhibited fairly limited
intrasample variation (Table S1), even in experiments that had large variations in melt
composition. Nonetheless, we have reported apatite-melt pairs from the experiments that

exhibited large ranges in melt composition Table S7-S10. By varying the proportions of F and
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Cl in the starting composition, we grew apatites spanning much of the F-Cl join in our series of
experiments with Cl abundances in apatite ranging from 0.24 to 5.69 wt.% Cl and F abundances
in apatite ranging from 0.28 to 3.63 wt.% F (Table 3). Moreover, all of the apatites with more
than 0.52 sfu Cl have a detectable missing component in the apatite X-site (Table 3) that we
presume to be an O* + vacancy substitution given the paucity of H in the system and the
observation of OH-poor, X-site-deficient, Cl-rich, F-CI apatites in natural and synthetic systems
(Hovis and Harlov 2010; Jones et al. 2014, 2016; Schettler et al. 2011). Similar to the apatites
produced in experiments by McCubbin et al. (2015b), the apatite compositions have elevated
abundances of Fe and Mg compared to endmember Ca-apatite with FeO abundances ranging
from 1.91 to 5.11 wt.% and MgO abundances ranging from 0.79 to 1.26 wt.%. The apatites also
had trace to minor abundances of SiO,, MnO, and Na,O, with 0.34 to 1.92 wt.% SiO,, 0.16 to
0.47 wt.% MnO, and 0.03 to 0.28 wt.% Na,O. These apatite compositions are similar to those
observed in samples from numerous terrestrial worlds across the Solar System, including, Earth,
Moon, Mars, Vesta, and ordinary chondrite parent bodies (Harlov et al. 2006; Jones et al. 2014,
2016; Lewis and Jones 2016; McCubbin and Jones 2015; McCubbin et al. 2015a, 2016; Piccoli
and Candela 2002; Sarafian et al. 2013).
Composition of quenched melt from experiments

The average compositions of melt from each experiment, as determined by EPMA, are
provided in Table S1, and a compilation of all melt analyses from the present study are provided
in Tables S12. The EPMA totals for some of the glass analyses, particularly those collected at
UNM, were low and variable within individual experimental run products (Table S11), however
normalized totals exhibited much less variation except in cases where variation in melt

composition was apparent from back-scattered electron images. We suspected that the low totals
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were due, in part, to an extra-thick carbon coat, although we could not rule out substantial Mo
contamination from the capsules. To further elucidate this issue, we conducted additional
analyses of our samples at JSC after re-polishing and re-coating the samples, and we included
Mo in the analysis routine. The Mo abundances in our quenched glasses were low and cannot
make up for the low totals, which is to be expected based on existing models for Mo solubility in
silicate melts (Holzheid et al. 1994). Furthermore, the totals on the re-coated samples were much
higher than the data collected at UNM (Table S12). Importantly, the normalized totals for the
data we collected at UNM and the normalized totals for the data we collected at JSC were
indistinguishable within analytical error, so all of the data was included in the present study. In
order to make direct comparisons of melt compositions from individual experiments, we
normalized the totals to 100% Tables S1-S10, but the raw data for apatite and glasses are
provided in Tables S11-S12.

The quenched silicate melts from each of the experiments exhibited a range in average
compositions (Table S1) with SiO, abundances ranging from 35.82 to 50.55 wt.% using volatile-
free melt compositions after normalization to 100% totals (VFNT). The average FeO abundances
were also consistently high and ranged from 17.36 to 27.74 wt.% FeO (VFNT), which is
consistent with a ferrobasaltic (>14 wt.% FeO) melt composition. The average Mg#’s of these
compositions were low and ranged from 18.9 to 36.9. The range in average melt compositions is
similar to those reported in the apatite-melt partitioning experiments of McCubbin et al. (2015b).
The average F and Cl abundances in melt from the experiments are reported in Table S1 and
Table 3. Fluorine abundances from the quenched glasses in our experimental run products ranged

from below detection to a maximum of 1.17 wt.% F, and the Cl abundances ranged from 0.28 to
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3.6 wt.% Cl (Table 3). The F abundances in the melt were all below detection in the three
experiments that had a starting F:Cl ratio of 10:90 (i.e., Q1b.013, Q1b.014, and Q1b.015).

The quenched melt in five of the experiments (Q1b.002, Q1b.003, Q1b.006, Q1b.009,
and Q1b.012) exhibit evidence of compositional variation in back scattered electron images (i.e.,
Figure 1b, d), and the glasses also display a large range in chemical composition. Although this
observation may indicate that the melts did not fully homogenize during crystallization, diffuse
boundaries between immiscible silicate liquids have been reported in previous experimental
studies on SLI (Charlier and Grove 2012), so we evaluate the chemical composition of the melt
endmembers to assess whether SLI occurred in these five experimental charges. The average
melt compositions from the five experiments have large standard deviations (i.e., Table S1), so
we evaluate compositional differences between the two melt phases in Tables S2-S6. The bulk
composition of QUE 94201, as well as the P-enriched compositions used in the present study
(Table 1), fall within the two-liquid field defined in previous studies on SLI (e.g., Charlier and
Grove 2012; Charlier et al. 2011; Pernet-Fisher et al. 2014; Roedder 1978). The two melt phases
in each of the five experimental charges were represented by an Si-rich endmember and an Si-
poor endmember, consistent with other occurrences of SLI in natural and synthetic systems (e.g.,
Charlier and Grove 2012; Philpotts 1976, 1979; Roedder 1978; Roedder and Weiblen 1970;
Shearer et al. 2001). Furthermore, the Si-poor composition was enriched in P and Fe relative to
the Si-rich composition, and the Si-rich endmember was enriched in Al and Na (Tables S2-S6).
These observed elemental distributions between melt compositions are evidence in support of
SLI (Charlier and Grove 2012; Tollari et al. 2006).

The partitioning of elements between immiscible silicate melts can provide important

insights into the distribution of volatiles in natural systems that undergo SLI. The Si-rich
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endmember was enriched in SiO,, Al,O;, and Na,O relative to the Si-poor endmember.
Additionally, the Si-rich endmember was depleted in TiO,, FeO, MgO, CaO, P,0s, F, and CI
relative to the Si-poor endmember (Tables S2-S6). The Mg#s of both liquids are
indistinguishable within uncertainty. Additionally, the average F/Cl ratio between the Si-rich
endmember and the Si-poor endmember is 1.12 + 0.12, indicating that the F/Cl ratio between the
two liquids is essentially equal, although a slight preference of F over Cl in the Si-rich conjugate
liquid is possible (Table S2—-S6). The melts;.rich-meltsipoor partition coefficients for F range from
1.00 to 0.48 with an average value of 0.79 £ 0.14, and the meltg;.ricn-meltsipoor partition
coefficients for Cl range from 0.92 to 0.41 with an average value of 0.72 + 0.17 (computed on a
wt.% basis). The preference for F and Cl in the mafic conjugate liquids increases as a function of
the difference in SiO, content of the two conjugate liquids (Figure 2). The preference for F and
Cl in the mafic conjugate liquid in systems that undergo SLI was also reported by Lester et al.
(2013).
Apatite-melt partitioning of F and Cl

Numerous studies investigating apatite-melt partitioning of F and Cl have demonstrated
that simple Nernst-like partition coefficients exhibit substantial variation because F and CI are
essential structural constituents in apatite (Boyce et al. 2014; Doherty et al. 2014; Li and
Hermann 2015, 2017; Mathez and Webster 2005; McCubbin et al. 2015b; Webster and Piccoli,
2015; Webster et al. 2009, 2017). This variation arises because the combined concentrations of F
and Cl in apatite are fixed (based on apatite stoichiometry) and the concentrations of F and Cl in
vapor-undersaturated silicate melts at apatite saturation are much less constrained (Boyce et al.
2014; McCubbin et al. 2015b). Moreover, the existence of apatite is predicated on a populated X-

site, but the existence of the melt is not predicated on halogen abundances. Nonetheless, many

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6339

17

previous apatite-melt partitioning studies have reported Nernst-like partition coefficients, so we
compute them as well to compare our results to previous studies and to demonstrate why they
should not be used for computing melt abundances of halogens from apatite. The simple Nernst-

like partition coefficients are computed according to the following:

Ap—-Melt _ X4
Dyttt = S (1)
Melt
where D,’?p_Melt is the apatite-melt partition coefficient for component X, Xj, is the

concentration of X in apatite, and Xy, is the concentration of X in the coexisting melt.
Although D values exhibit substantial variability, recent studies have demonstrated that the D
values for F and CI exhibit predictable interdependence despite the large reported range in
values. This interdependence was identified by examining exchange coefficients (i.e., ratios of
mineral-melt D values) instead of Nernst-like partition coefficients (Eq. 1) (Boyce et al. 2014; Li
and Hermann 2015, 2017; McCubbin et al. 2015b; Riker et al. 2018; Webster et al. 2017).
Consequently, we report exchange coefficients in addition to D values to assess the partitioning
behavior of F and CI between apatite and silicate melt along the F-CI apatite join. The CI-F
exchange equilibria is described in a general form by the reaction:

Xapatite + Ymelt < Yapatite + Xmelt (2)
Here, Xapatite and Yapatite represent the F and Cl endmember apatite components involved in the
exchange reaction, respectively, and Ywerr and Xwuer represent those same components in the
silicate melt. At equilibrium, the equilibrium constant (KXp__XMelt) for this reaction can be
expressed as:

X Y

KY_X _ aMeltxaApatite 3
Ap—Melt — ay xaX ( )
Melt"“Apatite
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where ajfpatite and a}{patite represent the activities of component X and Y, respectively, in

apatite, and aj.;; and aky,,; represent the activities of components X and Y, respectively, in the
coexisting melt. This equilibrium constant can then be related to the partition coefficient (Eq. 1)

as an exchange coefficient (Ky) (i.e., ratio of partition coefficients) according to the equation:

— X XY,
KAp Melt — Melt™TAp (4)

dy_
Y-X Yumere*Xap

Ap—Melt
K p

Here, dy_x

is the apatite-melt exchange coefficient for components X and Y, X and

Yyerr are the concentrations of X and Y in the melt, respectively, and Xy, and Y, are the
concentrations of X and Y in the apatite, respectively. As written (i.e., without activity
coefficients), equation (4) includes an implicit assumption of ideality or that the ratios of the
activity coefficients approach unity, which may not be valid. This approach to examining apatite-
melt partitioning was described in detail by Boyce et al. (2014).

From the data in Table 3, we calculate a range of apatite-melt partition coefficients (using
Eq. 1) for F (3-25) and Cl (0.5-2.5) (computed on a wt.% basis; Table 4). We were unable to
compute apatite-melt partition coefficients for experiments Q1b.013, Q1b.014, and Q1b.015
because the F abundances of the melt in those experiments are below the detection limit of F by
EPMA (i.e., ~300 ppm F for our UNM routine and ~1500 ppm for our JSC routine). The
partition coefficients reported here indicate that F partitions more strongly into apatite than Cl in
all of our experiments, and the D values are within the large range of values reported in previous
studies (Boyce et al. 2014; Doherty et al. 2014; Li and Hermann 2015, 2017; Mathez and
Webster 2005; McCubbin et al. 2015b; Webster and Piccoli 2015; Webster et al. 2009, 2017).
The wide range in partition coefficients calculated using equation (1) from our data further
demonstrates the importance of not using a single D value to determine volatile abundances in

silicate melts from apatite.
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The exchange K4 (from Eq. 4) values from the present study are provided in Table 4 and
Tables S7—S10. Similar to the partition coefficients described above, we were unable to compute

exchange K4 values for experiments Q1b.013, Q1b.014, and Q1b.015 because the F abundances

Ap—Melt
K;?
1

of the melt in those experiments were below the detection limit. The values for range

from 0.08 to 0.21, with an average value of 0.14 + 0.04 (Table 4). The computed K Ap-Melt

dci-F
values generally decrease with decreasing F abundance in apatite, decreasing F abundance in

silicate melt, increasing CIl abundance in apatite, and increasing Cl abundance in silicate melt

Ap—Melt
K P

(Figure 3) for a given temperature. Additionally, derr values increase slightly with

increasing temperature, but this effect is subordinate to the apparent effect of F and Cl

abundances in apatite and melt (Figure 3). This temperature effect is best illustrated in apatites

KAp—Melt

derp  values between 950 °C

with >0.94 sfu F (Figure 3a). In fact, the temperature effect on

and 1000 °C for apatites with <0.88 sfu F appears to be absent (Figure 3a); however, the effect of

temperature on the partitioning behavior between 950 °C and 1000 °C for apatites with <0.88 sfu

Ap—Melt
K p

F is apparent if only K CI_F

values with similar abundances of F in the melt are compared

Ap—Melt
K;?
Cl-F

(Figure 3c). The range in values and their apparent dependence on melt F abundance

indicate non-ideal behavior in the apatite-melt system under the conditions evaluated in the

Ap—Melt
K p

derp values in

present study. Notably, we do not observe intra-sample variations in

experiments that underwent SLI (Tables S7-S10). We analyzed several apatite-melt pairs in the

Si-rich and Si-poor regions of experiments that exhibited SLI (Table S7-S10), and there was no

detectable difference in K;E:felt values between apatite-melt pairs in the Si-rich region and
apatite-melt pairs in the Si-poor regions in any of the experimental run products.

Discussion
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Apatite-melt exchange coefficients for F and Cl can vary as a function of temperature,
pressure, melt composition, apatite composition, and/or oxygen fugacity. In complex multi-
component systems, it is often difficult to constrain how each of these parameters affects the
observed values of the exchange coefficients. To better discern the effects of each of these
parameters in the present study, we compare our results to those of our previous study on apatite-
melt partitioning that utilized the same bulk starting materials as those used here. McCubbin et
al. (2015b) evaluated apatite-melt partitioning of F, Cl, and OH in an H,O-bearing system at 1.0—

1.2 GPa, 950-1000 °C, and fO; in the range of AIW -1 to +2. In contrast to the results of the

Ap—Melt
K 1Y

present study, the K

values reported in McCubbin et al. (2015b) exhibit less variation

with an average value of 0.21 + 0.03 (Figure 3). The primary differences between these two
experimental studies include the pressure of crystallization and abundance of H,O in the bulk
starting composition, the latter of which translates to differences in apatite and melt compositions
between the two studies. Consequently, we hypothesize that any major differences in partitioning
behavior between the two studies can be attributed to either pressure effects or the abundance of
H,O in the system.

The effect of pressure on F-Cl exchange equilibria between apatite and melt

Ap—Melt
K 1Y

To assess the effect of pressure on Kj;

values, we need to compare the results of

experiments conducted at 0 GPa in the present study to experiments conducted at 1-1.2 GPa in
McCubbin et al. (2015b). In order to independently assess the effect of pressure on the F-Cl
exchange equilibria between apatite and melt in these two studies, we would need to disentangle
the effects of all other parameters. Although we cannot avoid comparing an H,O-rich melt in one
system (i.e., McCubbin et al. 2015b) to an H,O-poor melt in another system (i.e., this study), we

can limit the range of temperatures to 950—-1000 °C and limit apatite compositions to those that
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exhibit ideal mixing of anion components in the X-site to enable a more direct assessment of a

Ap—Melt
K;?
l

pressure effect on values between both studies. Previously published solution

calorimetry data indicate that apatites with >0.9 sfu F will exhibit ideal (or nearly ideal) mixing
of F and Cl in apatite along the F-Cl binary (Hovis and Harlov 2010). Three of the experiments
(Q1b.001, Q1b.002, and Q1b.003) from the present study produced apatites with sufficiently

high F abundances. Two of the experiments with sufficiently fluorinated apatite (Q1b.002 and

Ap—Melt
K;?
Cl-F

Q1b.003) were run in the temperature range of 950-1000 °C (Table 3). The average

Ap—Melt
K;?
l

value for those two experiments is 0.17 + 0.03. This value is slightly lower, with

overlapping uncertainties, than the K ;gjlelt value at 1-1.2 GPa of 0.21 + 0.03 (McCubbin et al.

2015b), indicating that there may be a minor positive pressure dependence on the K;ﬁ:felt
values, although we caution that additional data is required to confirm this relationship because it

was determined from an insufficient number of experiments at the low pressure end.

Additionally, we cannot rule out that the minor difference in K;{Z:éwelt values can be attributed

to differences in the abundances of H,O in the silicate melt between the two studies. Although

Ap—Melt
Kdrz values, the observed

there may be a slight positive correlation between pressure and

K; ’;_Melt values across the F-Cl

pressure effect is too small to explain the large variation in
apatite binary join in the present study. Consequently, we explore the role of melt and apatite

Ap—Melt
K} I; values.

composition on the observed variation in

The effect of composition on F-Cl exchange equilibria between apatite and melt
All of the apatites crystallized in the present study are nominally OH-free and hence lie
along the F-CI apatite binary join in F-CI-OH apatite space (Figure 4). We chose to conduct

apatite-melt partitioning experiments along this join based on solution calorimetry data that
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indicate F and CI undergo non-ideal mixing along this join, with excess enthalpies of mixing as

high as 8.3 kJ/mol (Hovis and Harlov 2010). We anticipated that non-ideal mixing of anion

Ap—Melt
K p

derp values, as

components in the apatite X-site would be manifest as variable

hypothesized in McCubbin et al. (2015b). In contrast, F and OH in F-rich apatite (> 0.6 sfu F)
along the F-OH apatite binary join undergo ideal mixing (Hovis et al. 2014a), and we inferred
from nearly invariant F-Cl-OH exchange equilibria between apatite and melt that F-rich apatites

with ternary F-CIl-OH X-site compositions also undergo ideal mixing (McCubbin et al. 2015b).

KAp—Melt

dep  Vvalues are variable when F and Cl

Although we confirmed in the present study that the

mix non-ideally in apatite, the systematic behavior of how these values vary may provide
important insights into the phenomenon that drives the variation.

Ap—Melt
K;?
l

The observed drop in values with decreasing F abundances in melt and apatite

in the present study indicates that F becomes more compatible in apatite as there is less F in the

system under the conditions investigated (i.e., 0 GPa, 950—1050 °C, anhydrous Fe-rich basaltic
melt, and fO, at ~AIW -1). The range in K;Cz:ﬁ/lelt values (0.08-0.21) and their apparent

dependence on F abundance indicate non-ideal behavior in the apatite-melt system under these

K Ap—Melt

conditions. In contrast, the derr

values reported in McCubbin et al. (2015b) exhibit minor
variation with an average value of 0.21 + 0.03 (Figure 3), indicating ideal behavior. The primary

. . .. Ap—Melt
correlations observed in the variation of K dcz;_p

values in the present study are for F and CI
abundances in apatite and melt. However, the ranges of F and CI abundances in apatite and melt
from the H,O-bearing apatite-melt partitioning experiments in McCubbin et al. (2015b)

encompass the same range of F and Cl abundances in melt and apatite as those produced in the

present study (Figure 3). Consequently, the abundances of F and Cl in melt and apatite, alone,
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cannot be the direct cause for the observed non-ideal behavior in K2P~M° values from the

dci-r
present study. This conclusion is not surprising given that we anticipate the differences in
partitioning behavior between this study and our previous study (McCubbin et al. 2015b) to
relate to either pressure effects or the abundance of H,O in the system, and we have already ruled
out the former as being the primary factor.

Low-OH apatites along or near the F-Cl binary join must create an off-mirror F site at
(0,0,0.167) to maintain hexagonal symmetry in space group P6s;/m (Hughes et al. 2014b). This
off-mirror F position is coupled with a second Cl position at the adjacent mirror plane (0,0,0)
away from the off-mirror F position (Hughes et al. 2014b). These two positions are in addition to
the two typical anion positions for F and Cl in endmember fluorapatite and chlorapatite at
(0,0,0.25) and (0,0,0.086), respectively (Hughes and Rakovan 2002; Hughes et al. 1989, 2014b).
These four sites are required in F-Cl apatites to accommodate long-range CI-F mixing in the
apatite channels along the c-axis (Hughes et al. 2014b). However, at mole fractions of OH" as
low as 0.12 sfu in the apatite X-site, additional F and Cl positions to accommodate long-range
CI-F neighboring are not required (McCubbin et al. 2008). All of the Cl-bearing experiments
from McCubbin et al. (2015b) had apatites with more than 0.12 sfu OH’, and all of the
experiments in the present study had apatite with less than 0.12 sfu OH (Table 3). Consequently,
the low-OH" apatites in the present study likely have a fundamentally different column anion
arrangement than the OH -rich apatites in the H,O-bearing study of McCubbin et al. (2015b).
Moreover, the observation in the present study that F becomes more compatible in apatite as
there is less F in the system can be explained by the presence of the off-mirror F site in apatite
that only F can occupy, which is required to stabilize the apatite structure in space group P63/m

(Hughes et al. 2014b). In fact, we speculate that the oxy component (i.e., o> + vacancy)
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substitution that appears in our F-poor experiments, and in other synthetic and natural systems
(Hovis and Harlov 2010; Jones et al. 2014, 2016; Schettler et al. 2011), may be a further result of
apatite structure stabilization in systems with a paucity of F and OH™ components to incorporate

into apatite.

We attribute the differences in K; Cpl:;\/l et

values between our previous study and the
present study to the dissimilar H,O abundances in the two sets of experiments. Specifically,
previous investigations into the atomic arrangements of F, Cl, and OH in apatite demonstrate that
the apatites from the H,O-rich experiments of McCubbin et al. (2015b) exhibit steric
accommodations of F and Cl that are different from the apatites in the H,O-poor experiments in

the present study (Hughes and Rakovan, 2002, 2015; Hughes et al. 1989, 1990, 2014b). The

steric controls on F and Cl in OH-poor apatites further elucidate the observed correlations

between variation of K C’fg:ﬁmt values with F and Cl abundances in apatite and melt from the

present study. These results demonstrate a causal link between atomic arrangements of apatite X-
site components, the thermodynamic mixing properties of apatite X-site components, and the
values of apatite-melt exchange equilibria for apatite X-site components.

The effect of temperature on F-Cl exchange equilibria between apatite and melt

Ap—Melt
K 1Y

To assess the effect of temperature on derr

values, we need to limit apatite

compositions to those that exhibit ideal mixing of anion components in the X-site to enable a

Ap—Melt
K 1Y

more direct assessment of a temperature effect on derr

values in the present study. As

discussed above, previously published solution calorimetry data indicate that apatites with >0.9
sfu F will exhibit ideal (or nearly ideal) mixing of F and CI in apatite along the F-Cl binary
(Hovis and Harlov 2010). Three of the experiments (Q1b.001, Q1b.002, and Q1b.003) from the

present study produced apatites with sufficiently high F abundances. The apatite-melt exchange
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KAp—Melt

equilibria from these experiments exhibit a slight positive temperature dependence on derp

Ap—Melt
K 14

values. A positive correlation between temperature and derr

values has also been reported

in previous studies (L1 and Hermann 2015, 2017). However, the temperature correlation is less
clear when the apatite compositions are within the region of non-ideal mixing of F and Cl in the
X-site (Figure 3).
Effects of SLI on apatite compositions and apatite-melt partitioning of F and Cl

The effect of silicate liquid immiscibility on the partitioning behavior of F, Cl, and OH
between apatite and silicate melt has not been determined previously. However, Pernet-Fisher et
al. (2014) reported that apatite-based melt hygrometry in lunar systems would be complicated by
the effects of SLI. In particular, they speculated that apatites crystallizing from each of the
respective conjugate liquids would be different, and they further postulated that the partitioning
behavior of F, Cl, and OH between apatite and melt would be different based on the differing
melt compositions of those conjugate liquids (Pernet-Fisher et al. 2014). The latter point has also
been raised in the context of whether one should consider only the melt compositions of late-
stage melt pockets from which apatite has crystallized to determine appropriate apatite-melt
exchange coefficients (Potts et al. 2016). Although we did not systematically investigate the
effect of SLI or melt composition on F-Cl exchange equilibria between apatite and melt, five of
our experiments exhibit evidence that they underwent SLI. Notably, our experiments cannot
directly address the concerns of apatite-based melt hygrometry raised by Pernet-Fisher et al.
(2014) because our experiments did not contain H,O. Nonetheless, we can compare the apatite-
melt pairs in each of the conjugate liquids from the SLI experiments to search for any first-order
effects of SLI on apatite composition or the F and Cl partitioning behavior between apatite and

silicate melt.
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We analyzed several apatite-melt pairs in the Si-rich and Si-poor regions of our
experiments that exhibited SLI (Table S7—-S10). Our results indicate that F and CI partition more
strongly into the Si-poor conjugate liquid, demonstrating that the process of SLI can redistribute
volatiles in natural systems. This observation is consistent with previous experimental work on F
and Cl partitioning in systems that undergo SLI (Lester et al. 2013). Although F and Cl were not
evenly distributed between the two conjugate liquids, our results indicate that the F/CI ratio in
the Si-poor liquids was similar to that of the Si-rich liquids (Table S7-S10). Moreover, the F and
Cl abundances of apatite within the two conjugate liquids were indistinguishable, and we did not

observe a bi-modal population of apatite compositions. Consequently, we did not observe

Ap—Melt
K 1Y

detectable differences in computed e

values for apatite-melt pairs in either of the two

conjugate liquids in each of the SLI experiments.

The initiation of silicate-liquid immiscibility is an equilibrium process that results in the
presence of two melt phases in a single system. As long as those two melt phases remain in
equilibrium throughout crystallization, each of the respective conjugate liquids will be in
equilibrium with the solid assemblage that is crystallized, and the solid assemblage from one
liquid will be in equilibrium with the solid assemblage of the other liquid. Given that there is no
evidence of a miscibility gap within apatite F-Cl-OH ternary space at magmatic temperatures
(e.g., Hovis and Harlov 2010; Hughes et al. 2014b), there should only be one apatite composition
in equilibrium with both of the conjugate liquids. It is possible for the values of apatite-melt
exchange coefficients for various anion pairs to change between the two conjugate liquids if the
activity-composition relationships for those anions are different between the two melt
compositions. However, the observation that the F:Cl ratio of the two conjugate liquids in our

SLI experiments remained nearly the same is evidence that the relative activity-composition
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relationships for F and Cl were not different for the two liquids, which lends credence to the idea
that F and Cl can be treated as Henrian trace elements in the silicate melt at the abundances of F
and Cl that have been investigated in many apatite-melt partitioning studies to date (Li and
Hermann 2015, 2017; McCubbin et al. 2015b; Webster et al. 2017).

In conclusion, SLI is not likely to be the cause for the observed intra-sample variation in
apatite compositions from pockets of late-stage mesostasis in many lunar samples (c.f., Pernet-
Fisher et al. 2014; Potts et al. 2016). Intra-sample variation in apatite compositions occurs in
many natural samples, including samples that do not exhibit SLI. The observed variations in
apatite X-site composition is better explained by processes such as fractional crystallization,
assimilation, or magmatic degassing (Boyce and Hervig 2008, 2009; Boyce et al. 2014;
Greenwood et al. 2011; McCubbin et al. 2011, 2013, 2016; Meurer and Boudreau 1996; Tartése
et al. 2013, 2014; Treiman et al. 2014; Ustunisik et al. 2011, 2015). However, an important
distinction between the conditions of our experiments and those of the natural lunar system
discussed by Pernet-Fisher (2014) is the absence of H,O in our experiments. Consequently,
before we can rule out entirely the possibility that SLI will have an effect on F-CI-OH exchange
equilibria between apatite and melt, H,O-bearing apatite-saturated systems that exhibit SLI need
to be investigated experimentally.

Application of apatite-melt exchange equilibria to natural OH-poor F-Cl apatites

Numerous studies have identified apatites in samples from numerous terrestrial bodies
within the Solar System that exhibit X-site compositions that lie along or close to the F-Cl apatite
binary join (e.g., Boudreau et al. 1995; Harlov et al. 2006; Hughes et al. 2014a; Jolliff et al.
1993; Jones et al. 2014, 2016; Lewis and Jones 2016; McCubbin and Nekvasil, 2008; McCubbin

et al. 2015a; Patifio Douce and Roden 2006; Shearer et al. 2011; Treiman et al. 2014; White et al.
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2005). The Cl-depleted apatites near this join, with molar X-site occupancies of F > 0.9 sfu,
could have formed from systems with H,O, and they appear to exhibit F and Cl partitioning
behavior between apatite and melt that is analogous to F-rich ternary F-CI-OH apatites
(McCubbin et al. 2015b). F-Cl apatites with less than 0.9 sfu F and less than 0.12 sfu OH exhibit
non-ideal mixing of F and Cl in the apatite X-site that is accompanied by changes in the steric
accommodation of F and Cl in the apatite X-site (Hovis and Harlov 2010; Hughes et al. 2014b;
McCubbin et al. 2008). Moreover, these Cl-rich apatites (i.e., C1 > 0.1 sfu of apatite X-site) do
not exhibit F and Cl partitioning behavior between apatite and melt that would be amenable to
using these apatites to determine halogen abundances of silicate melts. In fact, the strong
preference for F to stabilize the apatite structure likely applies to OH as well because OH also
aids in stabilizing the structure of F-rich, Cl-bearing apatites (Hughes and Rakovan 2002;
McCubbin et al. 2008). Consequently, we suggest that Cl-rich apatites (i.e., Cl > 0.1 sfu of
apatite X-site) with compositions near the F-CI binary join that formed from any H,O-bearing
natural systems should not be used for apatite-based melt-hygrometry. Based on the results of the
present study, we have re-assessed the “forbidden” region within apatite F-CI-OH ternary space
where apatite compositions should not be used for melt-hygrometry (Figure 4). Importantly, and
as we pointed out in our previous work (McCubbin et al. 2015b), even when apatites have X-site
compositions that are amenable to using apatite for melt-hygrometry, apatite-melt exchange
coefficients can also vary as a function of temperature, pressure, melt composition, and/or
oxygen fugacity. Future efforts are needed to understand the effects of these parameters before
we will have a widely applicable model for apatite-based melt hygrometry.

Implications
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The harmony between the structural accommodation mechanism of F and Cl in OH-poor
apatite, the thermodynamic mixing properties of F and CI in OH-poor apatite, and the F and Cl
partitioning behavior between OH-poor melt and OH-poor apatite further demonstrates the
power of crystal chemistry in the development of mineralogical tools to solve petrologic
problems on Earth and beyond. Although this is the first experimental study to assess apatite-
melt exchange equilibria of X-site components along an apatite binary join, the two remaining
joins (F-OH and CI-OH) represent additional opportunities to check for consistency among all
three datasets. Furthermore, the agreement between these datasets allows us to make predictions
that can be tested by future studies.

Solution calorimetry data from the F-OH apatite binary indicates that OH and F mix
ideally from the fluorapatite endmember until approximately Fso—OH4o, at which point apatite
exhibits negative enthalpies of F-OH mixing (Hovis et al. 2014a). Future studies can determine
whether there are changes in the steric accommodation of F and OH in the apatite structure that

correspond to this composition. Additionally, apatite-melt partitioning experiments could

demonstrate whether K“P~Me!

doH-p values are constant between F¢o and Fio0 and become variable

between OH4o and OH; .

Crystallographic studies of apatite along the CI-OH join have demonstrated three
different structural accommodation mechanisms of Cl and OH along this join that vary as a
function of apatite composition (Hughes et al. 2016). Specifically, apatites with more CI than OH
have three column anion positions (two for Cl and one for OH), apatites with more OH than Cl
have three column anion positions (one for Cl, one for OH, and one that is shared between CI
and OH), and apatites that have equal amounts of Cl and OH have four column anion positions

(one for Cl, two for OH, and one that is shared between Cl and OH). Given the structural
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complexities that exist along this binary apatite join, it is intriguing to think about how this
complexity is manifested in the thermodynamic mixing properties of OH and Cl in OH-CI
apatite. The limited data that exist, that can assess the partitioning behavior of OH and Cl in an
F-depleted apatite-melt system, already hint that the partitioning behavior is complex compared
to ternary F-CI-OH apatite (McCubbin et al. 2015b). However, assessing partitioning at each of
the structural transitions along the OH-CI join will be very important for improving the Cl-rich
end of fractional crystallization models of apatite (i.e., McCubbin et al. 2016).
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Table 1: QUE 94201 meteorite composition from Kring et al. (2003) as well as
compositions of F and Cl endmember powdered mixtures of QUE 94201 with added P.
Compositions of powdered starting materials from McCubbin et al. (2015b).

Oxide (Wt.%) QUE 94201° QUE 94201 F Mixture” QUE 94201 CI Mixture®
SiO, 47.03 45.46 45.95
TiO, 1.84 1.43 1.55
AlLO; 11.1 11.11 11.45
Cr,04 0.14 0.14 0.14
FeO’ 18.5 17.16 17.00
MnO 0.45 0.41 0.33
MgO 6.1 5.62 4.98
CaO 11.1 8.84 8.65
Na,O 1.64 1.37 1.01
K,0O 0.05 - -
P,0s5 2.05 7.87 7.93
F - 1.01 0.02
Cl - 0.01 1.29
-0O=F+Cl - 0.43 0.30
Total 100.00 100.00 100.00
mg#° 0.37 0.39 0.37

*QUE 94201 composition from Kring et al. (2003)
®Anhydrous compositions from McCubbin et al. (2015b)
‘mg# = Molar Mg/(Mg + Fe’") assuming an Fe*"/YFe = 0.9.
"All Fe measured as FeO

Table 2: Experiments and experimental run conditions from the present study
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Duration

Exp.# | Capsule’ | T (°C) | P (GPa) (hours) Mixture type® Phases’
Q1b.001 Mo 1050 0 8 90% F, 10% Cl M, A, S
Q1b.002 Mo 1000 0 8 90% F, 10% Cl Mp, M, A, P, S
Q1b.003 Mo 950 0 8 90% F, 10% C1 Mp, M, A, P, 1, S, Pl
Q1b.004 Mo 1050 0 8 75% F, 25% Cl M, A, S
Q1b.005 Mo 1000 0 8 75% F, 25% Cl M, A,P,S
Q1b.006 Mo 950 0 8 75% F, 25% Cl Mp, M, A,P, L, S
Q1b.007 Mo 1050 0 8 50% F, 50% Cl M, A, S
Q1b.008 Mo 1000 0 8 50% F, 50% Cl M, A, P, S
Q1b.009 Mo 950 0 8 50% F, 50% Cl Mp, M, A, P, I, S, H
Q1b.010 Mo 1050 0 8 25% F, 75% Cl M, A, S
Q1b.012 Mo 950 0 8 25%F, 75% Cl1 Mp, M, A, P, 1, S, Pl
QI1b.013 Mo 1050 0 8 10% F, 90% Cl M, A, S
Q1b.014 Mo 1000 0 8 10% F, 90% Cl M, A,P,S
Q1b.015 Mo 950 0 8 10% F, 90% C1 M, A,P,S

*Mo — molybdenum metal
> F — QUE 94201 F mixture, C1 — QUE 94201 CI mixture (Table 1)
“M — melt (SLI conjugate liquids indicated by Mp and My), A — apatite, P — pyroxene, S — silica, I —

ilmenite, PI — plagioclase, H —Hercynitic spinel

Table 3: Volatile abundances of apatite and co-existing melt from experiments.

Exp. #

Fmelt

Fap

Clmelt

Cly,

XF XCl

Xowe® | IX |
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Q1b.001 | 0.662) | 3.62(7) | 021(1) | 0242 | 096@2) | 0.03¢0) | 0.012) | 1.00
Q1b.002 | 0.61(4) | 353(9) | 031(2) | 032(3) | 094(4) | 0.05¢1) | 0033) | 1.02
Q1b.003 | 1.17(18) | 3.56(9) | 0.57(10) | 0.29(1) | 0.95@3) | 0.04(0) | 0.01(3) | 1.00
Q1b.004* | 0.44(4) | 320(3) | 081(2) | 1.06(5 | 0.85(1) | 0.15(1) | 0.00(0) | 1.00
Q1b.005* | 0.32(4) | 329(4) | 067(3) | 089(4) | 0.87(1) | 0.13(1) | 0.00(0) | 1.00
Q1b.006* | 0.55(6) | 3.32(1) | 1.13(18) | 0.88(1) | 0.875(0) | 0.125(0) | 0.00(0) | 1.00
Q1b.007 | 025(2) | 2.58(7) | 124(3) | 2.03(5 | 070(3) | 029(¢1) | 0.02(3) | 1.01
Q1b.008 | 0.10(2) | 241(8) | 1.04(4) | 225(11) | 065(3) | 032(2) | 0033) | 1.00
Q1b.009 | 0.19(4) | 244 (16) | 2.11(17) | 2.35(16) | 0.65(4) | 033(2) | 0.022) | 1.00
Q1b.010 | 0.07(1) | L.19(11) | 1.78@3) | 3.91(7) | 032(3) | 0.56(1) | 0.124) | 1.00
QIb.012 | 0.13(3) | 1.49(9) | 4.0(1.2) | 3593) | 041(3) | 0.52(0) | 0.07(2) | 1.00

Q1b.013 b.d. 0.56(4) | 1.99(7) | 5.00(13) | 0.15(1) | 073 (2) | 0.12(3) | 1.00
Q1b.014 b.d. 028(4) | 233(5) | 5.69(24) | 0.08(1) | 0.82(4) | 0.10(5) | 1.00
Q1b.015 b.d. 030(1) | 3.06(8) | 5.52(16) | 0.08(0) | 0.79(2) | 0.13(2) | 1.00

Average abundances reported in wt.% from Table S1, which were normalized to 100% to enable direct
comparison of values.
Parenthetical values represent 16 SDOM and are always larger than the 26 AU.
°F + C1 > 1 sfu, so F was calculated assuming 1 — X¢; = Xp.
*Value estimated by stoichiometry assuming X,per = 1 — Xg — Xc1.
b.d. — analysis resulted in a value that was below analytical detection
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coefficients.

Exp. # D;:lp—Melt Dgllp—Melt ;Cz:;\/lelt
Q1b.001 5.50 (22) 1.14 (12) 0.207 (24)
Q1b.002 5.74 (37) 1.01 (12) 0.176 (23)
Q1b.003 3.03 (48) 0.51 (9) 0.167 (40)
Q1b.003* 3.18 (35) 0.52 (6) 0.163 (10)
Q1b.004 7.23 (65) 1.31 (6) 0.181 (19)
Q1b.005 10.3 (1.2) 1.32 (8) 0.128 (17)
Q1b.006 5.99 (66) 0.78 (13) 0.130 (26)
Q1b.006" 5.43 (51) 0.73 (5) 0.136 (18)
Q1b.007 10.3 (1.0) 1.64 (6) 0.159 (17)
Q1b.008 25.3 (4.7) 2.16 (14) 0.085 (17)
Q1b.009 12.8 (2.7) 1.11 (12) 0.087 (20)
Q1b.009* 10.4 (1.3) 1.08 (2) 0.105 (13)
Q1b.010 16.4 (3.6) 2.19 (5) 0.134 (29)
Q1b.012 11.1 (2.8) 0.90 (27) 0.081 (32)
Q1b.012° 11.5 (2.6) 0.83 (25) 0.072 (8)
Q1b.013 - 2.52 (11) -
Q1b.014 - 2.44 (12) -
Q1b.015 - 1.80 (7) -

Average 1050°C° 9.9 (4.8) 1.8 (6) 0.170 (31)
Average 1000°C° 14 (10) 1.7 (7) 0.130 (46)
Average 950°C® 8.2 (4.5) 1.0 (5) 0.116 (40)
Average All T°C 10 (6.3) 1.44 (64) 0.140 (43)
Hi® 253 2.52 0.207
Lo 3.03 0.51 0.081

Values from Table 3 used to calculate all partition coefficients and exchange

coefficients.

Parenthetical values represent 16 SDOM and are always larger than the 2¢

AU.

*Values computed using apatite-melt pairs from Tables S7-S10
®Values do not include results from apatite-melt pairs

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

43



1037

1038

1039
1040
1041
1042
1043
1044

1045
1046
1047
1048
1049
1050
1051
1052
1053

1054

1055

1056
1057

1058

1059
1060
1061
1062

1063
1064
1065

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2018-6339

44

Figure Captions

Figure 1. Backscattered electron images of experimental run products from experiments a)
Q1b.005, b) Q1.006, ¢) Q1.007, and d) Q1.012. All phases present are labeled as follows: M —
melt (if more than one melt is present then a subscript L or D appears to distinguish between
lighter-colored melt (M) and darker-colored melt (Mp) in the BSE images, respectively), Ap —

apatite, Px — pyroxene, Si — silica, [lm — ilmenite, Pl — plagioclase.

Figure 2. Melt-melt partitioning data of F and Cl between the two conjugate liquids within each
of the experiments that underwent SLI. Data within this plot are from Tables S2-S6 and represent
both SiOmax/S102min Values and Si0,>X/S10,<Y values (defined in Tables S2-S6). Fluorine data
are represented by purple circles, and ClI data are represented by green circles. The D values were
obtained by dividing the concentration (wt.%) of component X in the Si-rich melt by the
concentration (wt.%) of component X in the Si-poor melt. The ASiO; values were computed by
subtracting the average SiO, abundance of the Si-poor melt composition from the average SiO,

abundance of the Si-rich melt composition.

Figure 3. Plots of K ;gj’elt values versus F or Cl abundances in apatite or silicate melt. Error

bars on the K ;gj’elt values were derived from propagating the standard deviation of the mean

from each average analysis through the K4 value. a) F in apatite, b) Cl in apatite, ¢) F in silicate

melt, and d) Cl in silicate melt. Data from McCubbin et al (2015b) are shown with orange

Ap—Melt
K p

o value of 0.21 +
Cl-F

squares, and the pink shaded region in each plot represents the average

0.03 determined by McCubbin et al. (2015b). The legend in Figure 3a applies to panels a-d.
"Data published by McCubbin et al. (2015b).

Figure 4. Ternary plot of F-CI-OH components in apatite with regions shaded in white to
indicate apatite compositions that are likely to have constant apatite-melt exchange Ky’s (OH-F,

OH-CI, and CI-F) adapted from McCubbin et al. (2015b). Regions of the ternary shaded in grey
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indicate apatite compositions that may deviate from apatite-melt exchange K4’s (OH-F, OH-CI,
and CI-F) determined in McCubbin et al. (2015b). Apatite compositions from each of the apatite-
bearing experiments are plotted in blue (1050 °C), yellow (1000 °C), and red (950 °C). All
apatites from the present study were forced to the F-Cl binary join based on their F-Cl ratio given
the paucity of OH in the experiments. The orange square data points represent the apatites from
McCubbin et al. (2015b). Area of shaded regions were estimated from the apatite-melt
partitioning results obtained experimentally in this study, McCubbin et al. (2015b), and they
were inferred from previously published thermodynamic data (excess enthalpies of mixing) for
the OH-F apatite binary joins from Hovis et al. (2014). For the portion of the ternary constrained
only by excess enthalpy of mixing data for binary F-OH apatite, we have used a dashed line to
indicate a higher degree of uncertainty in this region. The exchange Ky values themselves can
vary as a function of P and T, so the geometry of the shaded and unshaded fields in the ternary
are relevant to the pressure range of 0—1.2 GPa and temperature range of 950-1050 °C. "Data

published by McCubbin et al. (2015b).
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